Abstract: Nanoparticles of several titanates and zirconates in the range of 20-60 nm have been obtained using the reverse micellar route. Important oxides like CeO 2 (mixture of nanorods; 7 nm diameter and 30 nm length and nanoparticles; 10 nm), ZrO 2 (3-4 nm) and SnO 2 (8 nm) have also been synthesized. Nanorods and nanoparticles of CaCO 3 in all three forms (aragonite, vaterite, and calcite) have been obtained using reverse micelles as nanoreactors. The specific reactions vary depending on the nature of the target nanomaterial. For synthesis of ternary oxides like BaTiO 3 , a modified and convenient route using microemulsions (avoiding Ba-alkoxide) has evolved. Monophasic tin dioxide (SnO 2 ) was obtained when liquid NH 3 was used as precipitating agent. Transmission electron microscopy (TEM) studies show that the SnO 2 nanoparticles are highly uniform and particle size was found to be 6-8 nm at 500 °C. The gas sensing characteristics of SnO 2 have also been investigated using n-butane, which shows high sensitivity and fast recovery time. Reverse micelles have been used, for the first time, to mimic the conditions suitable for the room-temperature synthesis of the high-temperature and -pressure orthorhombic phase of calcium carbonate (aragonite). Other forms of calcium carbonate (vaterite and calcite) could be obtained by varying the atmospheric conditions. At a lower temperature (5°C), homogeneous and monodisperse spheres of vaterite are obtained. The spherical particles aggregate after longer aging (168 h) to form nanorods, and the self-assembly is clearly seen at various stages by electron microscopy images. The samples were well characterized using powder X-ray diffraction (PXRD), line-broadening studies, TEM, variation in the dielectric properties with frequency and temperature, were measured on disks sintered at high temperature.
INTRODUCTION
Nanostructured materials have been fascinating the world of science and technology during the last 15 years because of their tremendous possibilities in generating novel shapes, structures, and the unusual phenomena associated with these materials. The characteristic length of these materials (at least one length) lies between 1-100 nm. This makes the properties of matter within this length scale significantly different from individual atoms or molecules and from bulk materials. Nanoparticles exhibit unique electronic, magnetic, optical, photonic, and catalytic properties [1, 2] , and their size is ideal for 230°C. It is used in capacitors and also in energy storage applications [39] . BaZrO 3 crystallizes in an ideal cubic (Pm3m) perovskite structure [38] at room temperature. Substitution of Ba ion in the Pb sites improves the dielectric properties of PbZrO 3 [40, 41] . The Curie temperature shifts to a higher value [40, 42] with an increase in the concentration of Pb ions in the Pb-rich region of (Ba 1-x Pb x )ZrO 3 . Here, we discuss a methodology to obtain the entire range of solid solution (0 ≤ x ≤ 1) for which pure phases have been obtained for the first time by using the reverse micellar route. Normal solid-state reactions yield either Ba-or Pb-rich compositions.
Calcium carbonate is a common mineral, which has continued to attract researchers because of its extraordinary diversity and its use in industry involved in the manufacture of medicine, paints, papers, rubber, plastics, pigments, cosmetics, etc. [43] [44] [45] . Among the three forms of CaCO 3 aragonite (orthorhombic), calcite (rhombohedral), and vaterite (hexagonal), the calcite form is the most stable, while aragonite is the high-pressure form of calcium carbonate. It is the main constituent of the shell of bivalve animals, corals, and beautiful pearls. The iridescent colors observed in shells of sea animals such as abalone [46] and in pearls are the result of deposition of minute layers of aragonite. Normally, aragonite has been obtained at a high pressure (6.16 GPa) and a temperature of 345°C [47] . However, using a reverse micellar method, we could stabilize the pure aragonite state at room temperature.
The synthesis of nanoparticles involves the inhibition of growth of nanoparticles and the stabilization of nanoparticles against aggregation. In the recent past, several processes have been developed for the synthesis of nanomaterials. These processes include physical methods such as mechanical milling [48] and inert gas condensation [49] , along with chemical methods such as oxidative precipitation [50] , electrodeposition [51] , hydrothermal [52] , and sol-gel synthesis [53] . Among all the chemical processes, the microemulsion processing (reverse micelle synthesis) has been demonstrated as a very versatile and reproducible method [54] [55] [56] [57] . This method is superior to many others in terms of being able to deliver homogeneous and monodisperse nanoparticles of a variety of metals [58, 59] , oxides [60, 61] , and chalcogenides [62] . The reaction takes place in the aqueous cores of the reverse micelles which are dispersed in an organic solvent and are stabilized by a surfactant. The dimensions of these aqueous cores are in the nanoregime and are thus being referred to as nanoreactors. The product obtained after the reaction is homogeneous. The other advantage of using this methodology is that the morphology of the product can also be controlled as the surfactant aggregates form a variety of structures which are used as templates. The size of the core of the reverse micelles can also be controlled by changing Wo ([H 2 O]/[surfactant]). The advantage of this method is that it assumes a variety of structures depending on the constituents and the location within the phase diagram. Thus, the size and morphology of the product can be controlled by proper choice of the composition of the microemulsion system. The mechanism for the formation of nanocrystalline materials using reverse micelles is logical and simple. For the synthesis of a simple compound like AB, two identical microemulsions are prepared. Two different reactants (A and B) are introduced in these microemulsions. The two microemulsions are mixed by constant stirring. The collision of droplets results in the interchange of reactants, during which the reaction takes place inside the droplets which acts as nanoreactor. The two reverse micelles form the encounter pair (EP) which changes to fused dimer (FD) after collision. The surface tension of the FD becomes very high due to large surface area and it is unable to sustain its geometry. The FD breaks down into two stable smaller droplets containing the precipitated material.
Spontaneous formation of a microemulsion with a decrease in free energy is possible if the interfacial tension is low such that the remaining free energy of the interface is overcompensated by the entropy of dispersion of the droplets in the medium. Surfactants lower the interfacial tension, but in most cases the critical micellar concentration (CMC) or the limit of solubility is reached before the interfacial tension is close to zero. Addition of a second surfactant (cosurfactant) of a completely different nature then lowers the interfacial tension further. Cosurfactants are usually alcohols or amines where the number of carbon atoms in the alkyl group ranges from C 4 to C 10 . A cosurfactant helps in the formation and stabilization of micelles or microemulsions by lowering the interfacial tension and thereby decreasing the free energy of the system. In this review, we discuss the synthesis, structural characterization, and properties of SrTiO 3 , BaTiO 3 , Sr 2 TiO 4 , Ba 2 TiO 4 , SrZrO 3 , (Ba, Pb)ZrO 3 , CeO 2 , ZrO 2 , SnO 2 , and CaCO 3 . All these compounds were synthesized using the reverse micellar route. The compounds were studied by X-ray diffraction and transmission electron microscopy (TEM), and their detailed dielectric properties have also been investigated.
EXPERIMENTAL
The experimental section is divided into four parts dealing with the synthesis of (a) SnO 2 , CeO 2 ZrO 2 , (b) titanates, (c) zirconates, and (d) CaCO 3 nanoparticles. The details are shown in Table 1 . Tin dioxide nanoparticles were prepared from SnCl 4 ؒ5H 2 O using the microemulsion system with cetyltrimethyl ammoniumbromide (CTAB), 1-butanol, and isooctane. The weight fractions of various constituents in these microemulsions were 16.76 % of CTAB, 13.90 % of 1-butanol, 59.29 % of isooctane, and 10.05 % of the aqueous phase. The other microemulsion contained 0.1 M NH 3 solution instead of SnCl 4 ؒ5H 2 O. Mixing the above two microemulsions and stirring overnight led to a precipitate which was separated by centrifugation and washing with 1:1 mixture of methanol and chloroform to remove residual hydrocarbons and the surfactant. The precipitate was dried in an oven at 60 °C, which on heating in air at 500 °C led to the formation of monophasic SnO 2.
CeO 2 nanoparticles were synthesized by the thermal decomposition of cerium oxalate precursors. The precursor oxalate was synthesized by the reverse micellar (microemulsion) route with CTAB as the surfactant, the cerium oxalate precursor was synthesized using two different microemulsions, one containing 0.1 M cerium nitrate hexahydrate and the other containing 0.1 M ammonium oxalate solution. The product was isolated by centrifugation and washed with 1:1 mixture of chloroform and methanol to remove residual hydrocarbons and the surfactant, and dried at room temperature. On heating the precursor at 500 °C, monophasic cerium oxide nanoparticles were obtained. Similarly, ZrO 2 nanoparticles were also obtained from the decomposition of zirconium oxalate. The synthetic methodology was the same as above where zirconyl oxychloride was used instead of cerium nitrate. The precursor was decomposed at 500 °C to obtain pure ZrO 2 nanoparticles.
For (b) (titanates), three different microemulsions containing Tergitol as the surfactant, 1-octanol as the cosurfactant, cyclohexane as the oil phase, and aqueous solutions were prepared, one for Ti 4+ , the second containing the 0.1 M solution of metal ion and the third containing 0.1 M solution of NaOH as the precipitating agent. Ti 4+ microemulsion was prepared as follows: 0. 74 (Acros, 98+ %) was added to 7.4 ml of glacial acetic acid (Qualigens, LR grade, 99.5 %) under nitrogen atmosphere to yield hydroxyl titanium acylate. To this a small amount of distilled water was added which resulted in a white precipitate. The precipitate was dissolved in excess of distilled water, and the volume was made up to 25 mL. The three microemulsions were mixed and stirred for 15 h, after which cyclohexane was evaporated at 60 °C. The product was separated by centrifugation and washed with acetone to remove surfactant and the hydrocarbons present. Note that our report [63] on BaTiO 3 was the first to discuss the use of three different microemulsions to synthesize any nanomaterials. The pure titanantes were obtained at 800 °C. In the synthesis of Sr 2 TiO 4 and Ba 2 TiO 4 , the volumes of Sr 2+ or Ba 2+ ion and hydroxy titanium acylate were adjusted in the ratio of 2:1 so that the desired stoichiometry is maintained. The rest of the procedure was similar as above. For (c) (zirconates) the procedure is same as for the titanates where the Ti 4+ microemulsion is replaced by a Zr 4+ containing microemulsions. Nanocrystalline calcium carbonate, in all three forms (aragonite, vaterite, and calcite) was synthesized using the reverse micellar route with CTAB as the surfactant. The two microemulsions (containing Ca 2+ and ammonium carbonate) were mixed slowly to give a white precipitate which was isolated by centrifugation. The precipitate was washed with 1:1 solvent mixture to remove residual hydrocarbons and the surfactant and dried in air. The optimal conditions of temperature and aging time for the formation of aragonite, vaterite, and calcite are shown in Table 2 . Powder X-ray diffraction (PXRD) studies were carried out on a Bruker D8 Advance diffractometer using Ni-filtered Cu Kα radiation. Typically, scans were recorded with a step size of 0.02°and step time of 1 s. The data was subjected to background correction and the Kα 2 -reflections were removed. The grain size was calculated using Scherrer's method. The cell parameters were determined using a least-square fitting procedure on all reflections using quartz as the external standard. The dielectric measurements were carried out on sintered disks (~93-95 % of the theoretical density) using Hewlett Packard 4284L multifrequency LCR meter in the range of 50 Hz to 500 kHz. Temperature variation studies of the dielectric constant and dielectric loss were carried out in the range of 35-300°C. TEM studies for all the above compounds were carried out using a Tecnai-20 G 2 electron microscope operating at 200 kV. Infrared (IR) studies were carried out on a Nicolet Protege 460 FTIR Spectrometer. For gas sensing study, a thick paste of the powder was made with diluted alumina sol. The paste was applied on the outer surface of thin alumina tubes containing Kanthal heating coils placed inside the tube (length 3 mm, outer diameter 2 mm, and thickness 0.5 mm) with gold electrodes and platinum lead wires for electrical contact. The samples were dried and cured at 650°C for 30 min. The electrical re-A. K. GANGULI et al.
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sistance of the coatings and their response to 1000 ppm n-butane were measured at 350°C using a digital multimeter. The measurement system was calibrated using a standard LPG sensor of FIGARO, Japan. Figure 1 shows the PXRD patterns of SnO 2 nanoparticles obtained by the reverse micellar method and heated at 500 °C. The average size was found to be 6-8 nm from TEM studies (inset of Fig. 1 ) which matches the crystallite size calculated by Scherrer's equation. It may be noted that samples with 3-4 nm would be preferred for gas sensing properties as grains less than 6 nm in diameter would have high sensitivity. It is known that the Schottky barrier is close to 3 nm, and particle sizes less than twice the Schottky barrier are more sensitive [64] . Fourier transform-infrared (FT-IR) studies of SnO 2 (inset of Fig. 2) , show absorptions at ~3341 and ~1630 cm -1 which correspond to the stretching vibration of − OH group and the bending vibration of adsorbed molecular water, respectively [65] . The strong bands near 633 cm -1 correspond to the stretching vibrations of Sn-O, which indicates that SnO 2 is well-crystalline. Weak bands at 1393 and 2921 cm -1 corresponding to the bending vibration of −CH 2 and the stretching vibration of −C−H band [66] arising due to the surfactant molecules associated with SnO 2 can also be seen.
RESULTS AND DISCUSSION

Structural characterization
The Mössbauer spectrum of SnO 2 nanoparticles (Fig. 2) shows a very small isomer shift (0.04 mm/s) with respect to bulk SnO 2 along with a quadrupole splitting (QS) of 0.49 mm/s. Bulk SnO 2 gives a negligible QS (0.06 mm/s). The small isomer shift detected in the nanoparticles of SnO 2 indicates an enhancement of s-electron density in comparison with the bulk, which indicates a small variation in the nature of Sn-O bonding in nanosized SnO 2 . The moderate QS (0.49 mm/s) observed in the nanosized SnO 2 indicates lowering of the symmetry around the tin atoms, which may be attributed to oxygen vacancies [67] . Because of the characteristic broad line width of SnO 2 , the changes in the isomer shift observed in the nano form are not apparently visible and could be extracted through a curve fitting procedure. Cubic CeO 2 was obtained after decomposition of the oxalate precursor (obtained using reverse micelles) at 500 °C. The PXRD pattern for CeO 2 is shown in Fig. 3 15 nm. Mixture of particles (10 nm in size) and rods (7 nm diameter and 30 nm length) were observed for CeO 2 (inset of Fig. 3) .
We have also synthesized zirconium oxalate using reverse micelles. XRD studies show that the phase was amorphous. Tetragonal ZrO 2 (12 nm crystallite size) ( Fig. 4a ) with minor impurity of monoclinic phase (10 %) was obtained when the zirconium oxalate precursor was heated at 500 °C for 6 h. The refined unit cell parameters were calculated for the tetragonal cell as a = 3.957(9) Å, c = 5.16(3) Å. The particle size from TEM studies (inset of Fig. 4a ) was found to vary from 3 to 5 nm. We have been successful in stabilizing the higher-temperature tetragonal phase at low temperature (tetragonal phase is normally stabilized between 1170-2370°C). The size distribution plot (calculated from TEM) is shown in Fig. 4b .
Several titanates related to perovskite structure were obtained using reverse micelles. Pure SrTiO 3 phase (Fig. 5a ) was obtained after heating the powder (obtained by the reverse micellar route). SrTiO 3 (cubic) with refined lattice parameter of a = 3.9060(7) Å and crystallite size (obtained by X-ray line- Monophasic BaTiO 3 could also be obtained after heating the precursor at 800 °C (Fig. 7a) . The XRD pattern could be indexed on a tetragonal cell, and a crystallite size of 20 nm was deduced from X-ray line-broadening studies. The grain size (inset of Fig. 7a ) was found to be 20-25 nm from TEM studies. Nanocrystalline BaTiO 3 has been synthesized by reverse micellar method by using a single microemulsion as a reaction chamber as reported by some reports [68] [69] [70] . Here, the alkoxide mixture of barium and titanium was hydrolyzed to obtain the pure powder. A sizable number of agglomerated grains was reported, which could be due to the use of a single microemulsion. In our studies, we have used three different microemulsions for the two metal ions (Ba 2+ , Ti 4+ ) and the precipitating agent (NaOH). The idea behind this modified route was to minimize the agglomeration and to achieve the monodispersity as well as uniformity of the grains. Note that we have also avoided the use of air-sensitive and expensive Ba-alkoxide as a starting reagent. The size distribution plot (calculated from TEM) is shown in Fig. 7b . We could also synthesize the 2:1 phase (Ba 2 TiO 4 ) using the appropriate starting stoichiometry by the reverse micellar method. The PXRD pattern of the oxide (obtained at 1000 °C) (Fig. 8a) The precursor obtained from the microemulsions of Sr 2+ and Zr 4+ after centrifugation was found to be amorphous. After heating at 500 °C, the XRD pattern showed reflections corresponding to SrCO 3 and ZrO 2 . Monophasic SrZrO 3 with a crystallite size of 62 nm was obtained after heating at 800 °C. The XRD pattern (Fig. 9a) Monophasic BaZrO 3 and PbZrO 3 with a crystallite size of 35 and 50 nm, respectively, were also obtained after heating the centrifuged precursor at 800 °C. BaZrO 3 was indexed on the basis of a cubic cell with the refined lattice parameter a = 4.1803(2) Å (Fig. 10a) . PXRD studies also show a similar pattern after sintering the BaZrO 3 powder at 1000 °C. For PbZrO 3 (Fig. 11a) , all the reflections could be indexed on an orthorhombic cell with the refined lattice parameters of a = 5. We also obtained the entire solid solution of BaZrO 3 and PbZrO 3 (Ba 1-x Pb x ZrO 3 ). The powder pattern corresponding to the x = 0.25 composition was indexed on a cubic cell similar to the pure BaZrO 3 . The orthorhombic phase was observed at a higher value of x in Ba 1-x Pb x ZrO 3 . The PXRD pattern (Fig. 12a) clearly shows additional reflections for the lead-rich region 0.50 x ≤ 1.00 which was indexed in the orthorhombic unit cell known for PbZrO 3 . The a, b, and c parameters decrease slightly with Pb content. The particle size increases with x. TEM micrographs for the solid solution are shown in the inset of Fig. 12a . Note that this was the first report [71] of the synthesis and properties of solid solution, Ba 1-x Pb x ZrO 3 (for x = 0.25, 0.50, and 0.75). The size distribution plot (calculated from TEM) is shown in Fig. 13 . We have also attempted to synthesize the high-pressure form of CaCO 3 (aragonite) at ambient pressure by the reverse micellar method (which creates conditions of high pressure, also called the Laplace pressure, inside the spheres). The lowest temperature for obtaining the aragonite phase in pure form is earlier reported to be 70°C [72] . The reaction conditions were monitored with varying time periods and different temperatures to obtain pure CaCO 3 . Low temperatures of 5-20 °C led to the formation of a mixture of vaterite and calcite phases (Fig. 13) . The ratio of calcite to vaterite changed with aging time, for instance: 88 % of the vaterite phase was obtained after aging of 1 h (at 20 °C); the calcite phase becomes a major phase (74 %) after aging of 96 h (Fig. 14) ; after aging of 168 h, pure calcite phase is obtained. The inset of Fig. 13 shows the histogram of the same study. Thus, the digestion time of the reaction is an important factor for controlling the ratio of vaterite and calcite phase. The reaction temperature was also varied from 40, 60, 70, and 85 °C. Under all the above temperature conditions, monophasic aragonite phase of CaCO 3 was obtained (Fig. 15) . The aragonite phase (orthorhombic) is normally stabilized at high pressure and temperature [47] . Coprecipitation or any other low temperature (in the absence of high pressure) reaction of Ca 2+ and carbonate ions at room temperature leads to the formation of calcite,which crystallizes in the rhombohedral structure [73, 74] .
We could obtain nanoparticles of aragonite with 100 % purity at reasonably low temperature (40-85°C). The formation of a high-pressure phase stabilized at low temperature could be possibly due to the excess pressure generated inside the core of the reverse micelles [75] . Scanning electron microscopy (SEM) studies of aragonite synthesized at 40 °C (inset of Fig. 15) show that some of the nanorods form Y-junctions. However, increasing the temperature (up to 85 °C) leads to the loss of these junctions and only rods are observed (Fig. 16 ).
Pure calcite phase was obtained after aging of 168 h at 20 °C (Fig. 17) . The same diffraction pattern of calcite is obtained at a reaction temperature of 105 °C. CaCO 3 (calcite) could also be obtained when aragonite CaCO 3 (orthorhombic) was heated at 550 °C. This transformation indicates that the stability of the orthorhombic phase requires high pressure along with high temperature. High temperature alone is not the key factor for the formation of aragonite, as mentioned in some earlier reports [47] .
Thermogravimetric analysis and differential thermal analysis (TGA, DTA) show two distinct regions of weight loss. The first loss at 250 °C corresponds to the loss of two water molecules. The second weight loss at 710 °C corresponds to the decomposition of carbonate to pure calcium oxide. IR studies show the formation of CaCO 3 with characteristic sharp peaks at 1786, 854, and 713 cm -1 and a broad band at 1498 cm -1 . These peaks correspond to CO 3 2-vibrational frequencies [76] . The broad band at 3424 cm -1 could be assigned to the O-H stretching of water. Weak bands at 2920, 2851, 2523, and 2361 cm -1 may be due to the C-H stretching modes arising due to the surfactant molecules associated with the carbonate. 
Properties
Gas sensing
The sensitivity of the SnO 2 nanopowder was tested using a 1000 ppm n-butane gas at 350 °C. A sensitivity of around 80.79 % with a fast recovery time of around 45 s was observed for SnO 2 nanoparticles (Table 3) . Gas sensitivity is defined as S = (R A -R G /R A ) × 100 % where R A is the resistance in air and R G is the resistance in the gas environment at the same temperature. The response of two different sensors fabricated using the same powder samples is shown in Table 3 . The reason for the observed difference in the sensitivity is not very clear. The response was checked three times to confirm its reliability. It is to be noted that though relative humidity is reported to have detrimental effects on the gas sensing properties of polycrystalline SnO 2 -based oxides in nanostructured SnO 2 , these are found to have little impact. Pure SnO 2 is recognized as a poor sensing material for reducing gases such as butane, methane, etc. [77] . Small amounts of noble metals and ceramic oxides are added as catalysts to SnO 2 sensor materials to promote sensitivity [78] . Recently, an enhancement in the butane sensitivity of up to 91 % from the SnO 2 powders prepared by microwave treatment has been reported by Srivastava et al. [79] . Wang et al. reported the enhanced H 2 gas sensing properties of mesostructured SnO 2 powder prepared by using CTAB as the organic template [80] . They observed ethanol sensitivity under ambient conditions from nanoparticles of SnO 2 powders prepared by a solution route using polyvinyl pyrrolidone [64] . Thus, nanocrystalline tin oxides have been reported to have better performance as gas sensors due to the high surface/volume ratio and higher number of active sites for the oxidation/reduction process. 
Dielectric properties
The dielectric properties were measured on sintered disks (Table 4) . Dielectric properties for CeO 2 were measured on disks sintered at 800 and 1000 °C. The dielectric constant of the disk sintered at 800 °C was found to be ~19 at 500 kHz and dielectric loss ~0.11 at 500 kHz. The dielectric constant and dielectric loss were stable with frequency at room temperature. The dielectric constant was stable with temperature at 500 KHz. A minimum at 150 °C with a value of 0.028 was observed in the temperature variation studies of the dielectric loss. Dielectric properties of CeO 2 nanoparticles (synthesized from the oxalate precursor) sintered at 1000 °C were found to be stable with frequency. The dielectric constant (~15 at 500 kHz) was nearly stable with temperature. The dielectric loss (0.08 at 500 kHz) shows a constant value until 200 °C beyond which it rises sharply. The dielectric constant for bulk CeO 2 (with no mention of grain size and the sintering temperature) was earlier reported [81] to be 26. The dielectric properties for ZrO 2 nanoparticles, synthesized from the oxalate precursor, were measured on disks sintered at 1000 °C. The dielectric constant was ~12 at 500 kHz), and the loss was found to be ~0.31 at 500 kHz. Both dielectric constant and loss were highly stable with frequency at room temperature. The dielectric constant was stable after 100 °C, however, the dielectric loss falls tõ 0.03 at 100 °C from 0.31 at room temperature. It has been reported [82] that the dielectric constant for pure monoclinic zirconia is ~22 at 10 kHz. Addition of 14 wt % CeO 2 to zirconia results in a mixture of monoclinic (44 %) and tetragonal phase, and the dielectric constant for this Ce-stabilized zirconia was reported to be 27 at 10 kHz. However, the doping of CaO to ZrO 2 led to the formation of 95 % tetragonal phase [82] , and the dielectric constant increases to 34.
The dielectric constant for SrTiO 3 was found to be 90 and dielectric loss was 0.08 at 100 kHz. The dielectric constant was stable with frequency and temperature while dielectric loss showed an increase at higher frequencies. An earlier report on SrTiO 3 nanocrystals (48 nm) prepared by citrate precursor [83] method shows a dielectric constant of 190 and dielectric loss of 0.001 (at 100 kHz) at a sintering temperature of 1100 °C for 3 h. A dielectric constant of 363 for SrTiO 3 (210 nm, sintered at 1100°C for 1 h) prepared by the oxalate precursor route [84] was reported. Thus, the synthetic route, sintering temperature, and grain size have strong influence on the dielectric constant.
For Sr 2 TiO 4 prepared by the reverse-micellar route, the dielectric constant was found to be 30 at 100 kHz, which is stable with frequency and temperature while the dielectric loss (0.01 at 100 kHz) is also quite stable with frequency but increases beyond 200°C. A study [85] on the dielectric properties of Sr 2 TiO 4 prepared by citrate method shows that the dielectric constant (ε) was 27. Note that the dielectric constant of ~35 was reported earlier [86] at 54 kHz for Sr 2 TiO 4 obtained by sintering at 1650°C, which probably leads to a much higher density. However, the sintering temperature is very high compared to our method, and the increase in dielectric constant is marginal.
The dielectric constant and loss of the nanostructured barium titanate was measured on sintered disks sintered at 900 °C as a function of frequency and temperature. The dielectric constant was found to be 210, and the dielectric loss was 0.02 at 100 kHz. The dielectric constant was stable with frequency and temperature while dielectric loss showed a slight increase at higher frequencies. Dielectric properties were also studied after sintering at 1000 and 1100 °C. The dielectric constant increased with sintering temperature (520 at 100 kHz after sintering at 1100 °C). The dielectric loss decreased with sintering temperature, which could be because of an increase in grain size. The dielectric constant reported by us is among the highest reported for nanostructured BaTiO 3 obtained by different routes [82] . In the temperature variation study for BaTiO 3 sintered at 1100°C, a small peak was observed in the dielectric loss near 140-150 °C. The dielectric constant also shows a broad maximum (in the region 120-150 °C) in the 1100 °C sintered sample which may be associated with the ferroelectricity of BaTiO 3 . The ferroelectricity found in BaTiO 3 (for micron-sized grains) appears as a peak in the dielectric constant at 122°C. The transition was diffuse and weak in nanostructured BaTiO 3 (this study). Ferroelectricity depends on grain size as has been shown earlier by theoretical calculations [87, 88] . These calculations predict a critical grain size of the order of 44 nm in BaTiO 3 . It has been shown recently that ferroelectricity may be observed in defect-free ultra-thin films [89, 90] much below (<10 nm) the limits normally suggested by a mean-field Ginzburg-Landau approach.
The dielectric constant of pure orthorhombic Ba 2 TiO 4 (obtained after sintering at 1000 °C) was 40, and the loss was 0.06 at 100 kHz. The dielectric constant is stable with frequency but decreases with temperature from 39 (at 30°C) to 20 (at 100 °C), beyond which it remains stable. The dielectric constant of orthorhombic Ba 2 TiO 4 sintered at 1200 °C and annealed in argon is reported [91] to be 1300 at 1 kHz. We obtained a much lower value of 51 at 100 kHz, which could be because of higher sintering temperature in the above study leading to larger grain sizes. The dielectric properties of the pure monoclinic form of Ba 2 TiO 4 are yet unknown.
The value of dielectric constant and loss for SrZrO 3 was found to be 19.8 and 0.01, respectively, at room temperature and at 100 kHz. The dielectric constant was stable with frequency and temperature. The dielectric constant of bulk SrZrO 3 , obtained using the solid-state route (4-5 µm, sintered at 1450 °C for 2 h) is reported to be around 26.5 [92] . However, there is no report available on the dielectric properties of nanocrystalline strontium zirconate synthesized using the reverse micellar route.
The dielectric constant was found to be 18.5 for BaZrO 3 , which is lower than the values reported earlier (ranging from 32 to 36 depending on the sintering temperature and method of synthesis) [93] [94] [95] . The variation of dielectric constant with temperature was also marginal. The dielectric loss was found to steadily decrease with frequency. The dielectric constant for (a) x = 0.25 was found to be 76 and dielectric loss was 0.01 The dielectric constant decreased with temperature until 150 °C, was stable after that, however, the dielectric loss increases slightly at higher temperature, (b) x = 0.5, the dielectric constant was 93.3 and dielectric loss was 0.09. The dielectric constant and dielectric loss were stable with frequency while the loss decreased with temperature until 100 °C and thereafter remains constant up to 200 °C, (c) x = 0.75, the dielectric constant was found to be 69 at 100 kHz, which is stable with frequency, and the loss was found to be 0.09. All the values of dielectric constant and loss are reported at 100 kHz. For pure PbZrO 3 , the dielectric constant was 30.5, and the dielectric loss was 0.02 at 100 kHz. The dielectric constant was stable with frequency, and the dielectric loss was stable at lower frequency and increases slightly at higher frequencies (400-500 kHz). The dielectric constant has a maximum at around 230 °C, which corresponds to the AFE to paraelectric (PE) phase transition in PbZrO 3 [92] . The dielectric constant (at room temperature and at 100 kHz frequency) increases up to x = 0.50. Thereafter, it decreases steadily. In earlier studies [96] [97] [98] [99] strong influence of the introduction of Pb ions onto the Ba sublattice on the antiferroelectric-ferroelectric (AFE-FE) and FE-PE phase-transition temperatures and compositional width of the FE phase has been reported for (Ba l-x Pb x )ZrO 3 with x > 0.65. In our studies, no AFE → PE transition was observed in any of the compositions except for the pure PbZrO 3 . Two very distinct ranges of the Pb content, for x < 0.9 and x > 0.9 of bulk Ba 1-x Pb x ZrO 3 was observed, at which the properties are substantially different [97] . It was shown that the best dielectric properties occurs in ceramics with x = 0.9. The dielectric properties of nanocrystalline Ba 1-x Pb x ZrO 3 (0 ≤ x ≤ 1) over the entire range of x values were shown by us for the first time [71] . We have also shown the presence of a maximum in the dielectric constant with Pb content corresponding to the x = 0.5 composition, which may be due to the presence of a structural phase transition close to this composition.
CONCLUSIONS
Reverse micelles have been found to be a versatile route for the synthesis of nanoparticles of various oxides. The particles obtained are homogeneous and monophasic. SrTiO 3 and Sr 2 TiO 4 with grain size of 40 and 30 nm, respectively, were synthesized using this methodology. Nanometer-sized (20-25 nm) barium titanate was also synthesized by a modified reverse micellar route (avoiding Ba-alkoxide) at 800°C. Monodisperse and nearly uniform grains were obtained at this low temperature. A weak (diffuse) FE behavior in the dielectric constant of nanocrystalline BaTiO 3 sintered at 1100°C is observed with a dielectric constant of 520. Monophasic nanocrystalline oxides belonging to the solid solution of the type Ba 1-x Pb x ZrO 3 (0 ≤ x ≤ 1) with grain size in the range of 20-60 nm were obtained at 800°C. A structural phase transition in the region between x = 0.25 to 0.5 from cubic to orthorhombic structure was observed. The grain size increases with the lead content in Ba 1-x Pb x ZrO 3 (0 ≤ x ≤ 1). The dielectric constant of the solid solution of Ba 1-x Pb x ZrO 3 (0 ≤ x ≤ 1) shows a maximum value of 93 for x = 0.50. Nanocystalline ceria (crystallite size of 15 nm) and zirconia (3-5 nm) could be obtained at 500 °C from oxalate precursor which was synthesized using reverse micelles. Enhanced gas sensitivity towards n-butane was observed from the nanoparticles of SnO 2 (8 nm) prepared by us compared to the polycrystalline SnO 2 samples prepared by other solution-phase techniques. The aragonite type of calcium carbonate was synthesized at low temperature of 40 °C using reverse micelles. Overall, we conclude that our studies show the great potential of the reverse micellar route to provide a variety of nanomaterials.
